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Abstract 
Silicon carbide fiber-reinforced silicon carbide matrix composites (SiCf/SiC) are considered as one of the candidates for blanket 
materials in future fusion reactors. Generally, densification of SiC needs sintering additives due to the covalent nature of Si-C 
bonding, and sintering additives such as Al2O3, Y2O3, and YAG are frequently added to SiC. However, neutron irradiation effects 
of sintering additives on SiCf/SiC composite properties are still unclear. In this study, oxide sintering additives such as Al2O3, 
Y2O3, YAG and an Al2O3-Y2O3-CaO mixture (abbreviated as AYC), were irradiated up to the neutron fluency of 2.0~2.5×1024 
n/m2 (E>0.1MeV) at 333~363K in the BR2 reactor. Macroscopic swelling and change in lattice parameter due to the irradiation 
were measured. Length changes of the Y2O3 and Al2O3 specimens were ~0.2% but that of YAG specimen was very large, 3.86%. 
Macroscopic length swelling of the AYC was at the midpoint of both figures. Crystallinity of the YAG specimen was greatly 
reduced and many micro cracks were observed after the irradiation. Lattice parameter change of the YAG specimen was large 
(1.41%), however it was still smaller than the macroscopic length change. The relative correlation of macroscopic length increase 
and those of lattice parameters of the Y2O3 and Al2O3 specimens was high. 
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1. Introduction 
Silicon carbide fiber-reinforced silicon carbide matrix composites (SiCf/SiC) are considered as one of the 
candidates for first wall blanket and diverter materials of future fusion reactors since it shows high strength, high 
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thermal conductivity, high temperature stability, high corrosion resistance and good resistance to high-energy 
neutron irradiation [1-5]. Even after neutron irradiation up to 42 dpa at 800oC, decrease in strength is not seen if the 
stoichiometric fiber was used as reinforcement [5]. Generally, densification of SiC needs sintering additives due to 
the strong covalent nature of Si-C bonding and low self-diffusion coefficient, and oxide sintering additives such as 
Al2O3 and Y2O3, are frequently added to SiC. Our group developed dense SiCf/SiC composites with high mechanical 
and thermal properties using an oxide mixture of Al2O3-Y2O3-CaO system (AYC) as sintering additive [6-9]. Al2O3 
and Y3Al5O12 (YAG) derived from these sintering additives existed as secondary phases in the composite. 
 
     In order to apply SiCf/SiC composites for nuclear engineering field, defects induced by neutron irradiation must 
be investigated because material properties would be affected by the presence of several kinds of crystalline defects 
such as vacancies, interstitial atoms, clusters of them, loops and voids. These defects lead to the property change in 
materials such as volume expansion, degradation of thermal conductivity and mechanical properties. For SiCf/SiC 
composite with sintering additives, neutron irradiation effect of not only SiC but also sintering additives should be 
clarified. Neutron irradiation effects on SiC were studied relatively well, but those on sintering additives were not 
yet well known. In this study, fundamental neutron irradiation effects induced into Al2O3, Y2O3, YAG and AYC 
used for SiCf/SiC composites as sintering additives were investigated. 
 
2. Experimental procedures 
 
     The specimens used in this study were sintered α-Al2O3, Y2O3, YAG and YAC (mixture of Al2O3, Y2O3 and 
CaO). The raw powders of each material were commercially available powders of α-Al2O3 (TM-D, Taimei 
Chemicals Co., Ltd. Japan), Y2O3 (RO-P, Shin-Etsu Chemical Co., Ltd. Japan), YAG (Nippon Yttrium Co., Ltd. 
Japan), and CaO (Kanto Chemicals, Co., Ltd. Japan). The raw powder for the AYC was the mixture of Al2O3 (70 
wt %), Y2O3 (20 wt %) and CaO (10 wt %) using the above-mentioned powders. In the case of the YAC mixture, 
mixture of powders was ball-milled for 24 h with ethanol as wet media. All powders were sintered under pressure 
using a hot-press furnace with applied pressure of 40 MPa at 1700oC for 1 h in Ar atmosphere. Sintered specimens 
in size about 40 mm x 40 mm x 6 mm were machine-cut into rectangular bars (2 mm x 4 mm x 25 mm). They were 
neutron-irradiated in the BR2 reactor, which is a high flux materials testing reactor in SCK•CEN in Belgium. 
Neutron fluency was 2.0~2.5×1024 n/m2 (E>0.1 MeV) at 333~363K. Macroscopic length change of the specimens 
was measured with a point-type micrometer with fixture jig at room temperature. A zirconium oxide (ZrO2) plate 
with 25.000 mm in length was used as a standard in this measurement. Three points were taken at each specimen to 
measure the length. Macroscopic volume changes of specimens were calculated from the measured length assuming 
homogeneous shape change. Lattice parameter change of the specimens was measured by X-ray powder diffraction 
(XRD) analysis (Philips APD-1700, Holland) at room temperature. Applied voltage and current were 40 kV and 40 
mA, respectively, for a Cu target. The bulk specimen was crushed into powder and mixed with Si as an internal 
standard. Diffraction profiles were taken by step-scan method with the step increment of 0.02o and kept for 5 s at 
each step. Scan range for the YAG specimen was from 28o/2θ to 63o/2θ; for the Y2O3 specimen was from 28o/2θ to 
70o/2θ; for the Al2O3 specimen was from 34o/2θ to 69o/2θ; and for the AYC specimen was from 25o/2θ to 73o/2θ. 
Unit cell volume change was calculated from the observed lattice parameters. In order to observe microstructure of 
these specimens before and after the neutron irradiation, scanning electron microscopy (SEM), was performed by 
Hitachi S-3500, Japan at various magnifications. using 25 kV electron acceleration voltages. 
 
3. Results and discussion 
 
     Table 1 shows the macroscopic length change and lattice parameter change due to the neutron irradiation. The 
macroscopic length swelling of the Y2O3 and Al2O3 specimens was small (around 0.2%) but that of the YAG 
specimen was quite large (about 3.86%). That of the AYC specimen was at the midpoint of both figures, 0.77%. 
Macroscopic length changes of Al2O3 and YAG specimens were comparable with the lattice parameter changes. 
However, the difference of the macroscopic length swelling (3.86%) and the lattice parameter increase (1.41%) in 
the YAG specimen, was notable. From the previous study [10], macroscopic volume changes after the irradiation up 
to 2.8×1025n/m2 (E>0.1MeV) at 1015K of Al2O3, Y2O3 and YAG were reported to be 1.9, 0.1, and 0.2%, 
respectively. In this data, swelling of YAG and Y2O3 was reported to be very small. Therefore, swelling of YAG is 
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seen to be greatly dependent on irradiation temperature greatly. Macroscopic length change of the present Y2O3 
specimen (0.19%), was slightly larger than the previous report (i.e. 0.1% in volume ~ 0.03% in length). On the other 
hand, swelling of the irradiated Al2O3 in the present study (0.26%) was smaller than that of the previous study (i.e. 
1.9% in volume ~ 0.6% in length). According to the Pells’ review [11], at relatively lower irradiation temperature of 
340-680K, swelling of alumina is arrayed on one line, and the volume swelling corresponding to 2.0~2.5×1024 n/m2, 
was around 0.5%. Relative correspondence of this report to the present data (0.26% in length) was high. Swelling of 
the Al2O3 specimen was seen to be greatly dependent on neutron fluency. In the case of alumina irradiated with 
higher fluency at relatively higher temperatures (>850K), formation of voids was reported [12], which was not the 
case under the present irradiation condition.   
 
 
Table 1. Macroscopic length and lattice parameter change of Y2O3, YAG, Al2O3 and AYC. (fluency: 2.0~2.5×1024 n/m2 (E>0.1MeV), 
temperture:333~363K) 
    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1 XRD profiles of the YAG specimen before and after the irradiation 
 
     Fig. 1 shows the XRD profile of the YAG specimen before and after the irradiation. Widths of the strong peaks 
were spread with peak shift for lower angle after the irradiation, and also the background was higher in the irradiated 
specimen. It indicated that the crystallinity of the irradiated YAG was poor. Small amounts of YAlO3 and Al2Y4O9 
were detected in the specimen before the irradiation, but after the irradiation these phases were mostly dissipated. 
Fig. 2 and Fig. 3 show the results of XRD of the Y2O3 and Al2O3 specimen before and after the irradiation. No 
significant difference in peak shape was observed for Al2O3 and Y2O3 specimens, except for slight peak shift to 
lower angle. Crystallinity of both specimens was maintained after the irradiation. Fig. 4 shows the result of XRD of 
the AYC specimen before and after the irradiation. AYC is composed mainly of YAG, CaAl4O7 and CaAl12O19. 
Peaks of YAG were clearly visible in the specimen before irradiation, but were almost invisible after the irradiation. 
It indicated that crystalline YAG phase did not remain after the irradiation. The other crystalline phases observed 
before the irradiation were still observed by XRD for the specimen after the irradiation. So that only YAG crystals 
might be disordered due to the irradiation. From Fig. 1, it was clear that crystallinity of the YAG phase was reduced 
greatly by this condition, but not completely. The reason for the slight difference was not clear at present. Widths of 
CaAl4O7 and CaAl12O19 peaks were spread a little after the irradiation. 
Specimen Macroscopic length  change  (%) 
Macroscopic volume 
change (%) 
Lattice parameter  
 change (%) 
Unit cell volume 
change (%) 
Y2O3 0.19 0.57 0.12 0.35 
YAG 3.86 12.0 1.41 4.29 
Al2O3 0.26 0.79 a=0.29, c=0.32 0.77 
AYC 0.77 2.32 - - 
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Fig. 2 XRD profiles of the Y2O3 specimen before and after the irradiation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3 XRD profiles of the Al2O3 specimen before and after the irradiation 
 
 
 
     Fig. 5(a) and (b) show surface microstructure of the YAG specimen before and after the neutron irradiation using 
SEM observation. Small pores were observed on the polished surface of the specimen before the irradiation. 
However, surface of the irradiated specimen was completely different, and many micro cracks were observed. Areas 
surrounded by cracks looked smooth and were 50~200 μm in diameter, which was much larger than the average 
grain size of the YAG particles. Therefore, formation of micro crack induced large swelling of the YAG specimen in 
the present irradiation condition. However a serious question is remained because the crystal system of YAG is 
cubic and swelling of crystals/grains should be isotropic if only point-like defects are induced. In the case of AlN 
with hexagonal crystal structure irradiated by neutrons, micro cracks were induced into the ceramics beyond some 
critical fluence to form interstitial dislocation loops, and in this case micro cracks distributed almost all grain 
boundaries [12, 13]. Furthermore, why the size of group of unbroken grains in the YAG specimens, is so large is 
still not clear. Further investigation should be necessary to clarify the phenomena. However, from the viewpoint of 
nuclear reactor application of SiCf/SiC composites containing oxides sintering additives, it is suggested that YAG 
should be excluded from the additives, due to extra large swelling and micro cracks. 
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Fig. 4 XRD profiles of the AYC specimen before and after the irradiation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5 Microstructure of the YAG specimen (a) before and (b) after the irradiation 
 
 
         Microstructure of AYC specimen before and after the irradiation is shown in Fig. 6 (a), and (b). Many small 
pores were observed in the specimen before the irradiation, due to insufficient densification. After the irradiation, 
overall feature of surface morphology was not changed and there was no clear crack. No obvious change of surface 
morphologies by SEM observation was recognized for the Y2O3 and Al2O3 specimens by the irradiation. 
 
4. Conclusions 
      Oxide sintering additives such as Al2O3, Y2O3, YAG and an Al2O3-Y2O3-CaO mixture for SiCf/SiC composites 
were neutron irradiated up to a fluency of 2.0~2.5×1024 n/m2 (E>0.1MeV) at 333~363K in the BR2 reactor. 
Macroscopic length swellings of the Y2O3 and Al2O3 specimens were small (about 0.2%); however that of the YAG 
specimen was quite large (about 3.86%), which was much greater than the case of a higher irradiation temperature. 
Macroscopic length swelling of the AYC was at the midpoint of both figures. From the results of XRD and SEM 
observation, the crystallinity of the YAG specimen was greatly reduced and many large cracks were observed. Areas 
100 μm 
a) b) 
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surrounded by cracks looked smooth and were 50~200 μm in diameter, which was much larger than the average 
grain size of YAG.  Lattice parameter change of the YAG specimen was large (1.41%);  however it was still smaller 
than the macroscopic length change. Relative correlation of macroscopic length increase to those of lattice 
parameters of the Y2O3 and Al2O3 specimens was high. From the viewpoint of nuclear reactor application of 
SiCf/SiC composites containing oxides sintering additives, YAG should be excluded from the additives due to extra 
large swelling and micro cracks. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6 Microstructure of the AYC specimen (a) before and (b) after the irradiation 
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